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If b i f u n c t i o n a l  c a t a l y s t s  are discounted,  i .e., metals d i spe r sed  on 
acidic  ox ides  i n  which t h e  metal provides hydrogenation-dehydrogenation 
a c t i v i t y  and t h e  oxide suppor t  induces carbonium i o n  chemistry ( l ) ,  the number 
of well-documented examples of rate enhancement by t h e  suppor t  is not  l a r g e .  
One major r eason  f o r  t h i s  i s  tha t  t h e  requirement of s p e c i f i c  a c t i v i t i e s  
(molecules per  second per u n i t  metal su r face  area) o r  tu rnover  f r equenc ie s  
(molecules per second per s u r f a c e  metal  atom) was not  f u l f i l l e d .  I t  should  be 
stressed a t  t h i s  time t h a t  observed changes i n  ca t a ly t i c  a c t i v i t y  as the  
suppor t  i s  va r i ed  cannot au tomat i ca l ly  be a t t r i b u t e d  t o  metal-support  
i n t e r a c t i o n s .  F i r s t ,  a r t i fac ts  created by heat and mass t r a n s f e r  l i m i t a t i o n s  
mus t  be r u l e d  o u t  by conduct ing experiments a t  low conversions and us ing  tes ts  
t o  v e r i f y  t he  absence of these t r a n s p o r t  effects  ( 2 ) .  Second, metal 
c r y s t a l l i t e  s i z e  effects  must be r u l e d  out .  T h i r d ,  i n  CO hydrogenation 
r e a c t i o n s  i n  particular,  chromatographic effects by the porous suppor t  must be 
e l imina ted .  F i n a l l y ,  any in f luence  of impur i t i e s ,  poisons and promoters must 
be e l imina ted ,  and the  p o s s i b i l i t y  of t h e  suppor t  a c t i n g  as a g e t t e r  must be 
considered.  I n  t he  absence of any d i r e c t  spec t roscop ic  evidence t h a t  a metal- 
suppor t  i n t e r a c t i o n  ex i s t s ,  i t  is o n l y  a f t e r  a l l  o the r  p o s s i b i l i t i e s  have been 
r u l e d  ou t  t h a t  t h e  explana t ion  of metal-support effects can s a f e l y  be 
accepted . 
Evidence that  a d i spe r sed  phase on a subs t ra te  could have its ca ta ly t ic  
behavior al tered by t h a t  s u b s t r a t e  was f i r s t  r epor t ed  by Schwab and co-workers 
(3-5) and Szabo and Solymosi ( 6 , 7 ) ;  however, effects  on s p e c i f i c  a c t i v i t y  of 
metals were not  determined i n  these early s t u d i e s .  Later i n v e s t i g a t i o n s  by 
S i n f e l t  and co-workers provided some of  the f i r s t  evidence t ha t  the suppor t  
could affect  t h e  specif ic  a c t i v i t y  of the  d i spe r sed  metal (81, and t h e  
p o s s i b i l i t y  of e l e c t r o n i c  i n t e r a c t i o n s  between t h e  metal and t h e  suppor t  was 
d iscussed  i n  an ear ly  review ( 9 ) .  Af t e r  t h i s ,  Sage r t  and Pouteau showed tha t  
t h e  degree of g r a p h i t i z a t i o n  of  t he  carbon suppor t  had a major effect  on both 
the  a c t i v a t i o n  energy and t h e  s p e c i f i c  a c t i v i t y  of t h e  hydrogen-water 
deuterium exchange r e a c t i o n  over P t  (10,111. 
However, it wasn't  u n t i l  t h e  work of Taus te r  and co-workers t h a t  t he  
effect  of t h e  suppor t  on chemisorpt ion p rope r t i e s  was observed (1 2,131, w i t h  
t i t a n i a ,  i n  p a r t i c u l a r ,  i n h i b i t i n g  the  chemisorption of H, and CO on t h e  Group 
V I 1 1  noble  metals a f te r  high temperature  r educ t ion  ( H T R )  a t  773 K .  A low 
tempera ture  r educ t ion  (LTR) near  473 K provided normal chemisorpt ion behavior.  
T h i s  behavior ,  which could be r eve r sed  by exposure t o  oxygen, was a t t r i b u t e d  
t o  a S t rong  Metal-Support I n t e r a c t i o n  (SMSI). 
hydrogenation over Ti0,-supported metals  by Vannice and co-workers showed the  
s p e c i f i c  a c t i v i t y ,  - -  i .e . ,  t h e  turnover  frequency (TOF) ,  was m a r k e d l y  enhanced 
over many, but  not  a l l ,  of t he  Group V I 1 1  metals (14-21 ) .  I n  some s y s t e m s ,  
such  as N i / T i O , ,  s i g n i f i c a n t  changes i n  s e l e c t i v i t y  t o  heavier  p a r a f f i n s  were 
a l s o  found (14 ,16) .  Since these i n i t i a l  pub l i ca t ions ,  many subsequent 
C a t a l y t i c  s t u d i e s  of CO 
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i n v e s t i g a t i o n s  have been directed toward these c a t a l y t i c  s y s t e m s ,  p r i n c i p a l l y  
t i t a n i a - s u p p o r t e d  metals, i n  an effor t  t o  better unders tand  t h i s  phenomenon 
(22-67),  and an i n t e r n a t i o n a l  meet ing  was he ld  on  t h i s  t o p i c  i n  1982 ( 6 8 ) .  
Perhaps t h e  most a p p a r e n t  m a n i f e s t a t i o n  of llSMSI" behavior  is t h e  
i n h i b i t i o n  of H ,  and CO chemisorp t ion  on  Group V I 1 1  n o b l e  metals d i spe r sed  on  
t i t a n i a ,  as i l l u s t r a t e d  i n  Table 1 ,  and c e r t a i n  other s u p p o r t s  s u c h  as Ta203, 
and Nb,O, a f t e r  high t e m p e r a t u r e  r e d u c t i o n  (HTR) a t  773 K (10,111. 
Explana t ions  such  as s i n t e r i n g ,  contaminat ion  and e n c a p s u l a t i o n  by t h e  s u p p o r t  
were i n i t i a l l y  r u l e d  o u t  (121, and la te r  CAEM ( C o n t r o l l e d  Atmosphere E l e c t o n  
Microscopy) s t u d i e s  by Baker e t  a l .  on  P t / s u b s t r a t e  systems under UHV 
c o n d i t i o n s  provided fu r the r  evidence t h a t  t h i s  behavior  was a consequence of  a 
meta l - suppor t  i n t e r a c t i o n  ( 3 3 ) .  T h i s  l a t t e r  s t u d y  was of p a r t i c u l a r  i n t e r e s t  
because i t  showed: ( 1 )  morphological  changes o c c u r r e d  f o r  t h e  P t  c r y s t a l l i t e s  
on  t i t a n i a  and 2-dimensional l lpi l l -boxl l  s t r u c t u r e s  were formed a f t e r  HTR;  ( 2 )  
t h i s  change could be r e v e r s e d  by exposure t o  0, or H,O t o  form t h i c k e r  
hemispher ica l  p a r t i c l e s ,  and ( 3 )  r e d u c t i o n  of t h e  T i O ,  t o  T i ,O ,  o c c u r r e d  and 
appeared t o  be c l o s e l y  associated w i t h  llSMSI1l behavior .  I n t e r e s t i n g l y ,  oxygen 
a d s o r p t i o n  on Ti0,-supported noble  metals does n o t  seem t o  be g r e a t l y  affected 
(36)  and may provide a u s e f u l  chemisorp t ion  t e c h n i q u e  f o r  these systems. Th i s  
has been a l r e a d y  proposed f o r  N i / T i O ,  catalysts (22 ) .  Recent work by Baker  
and co-workers has provided a d d i t i o n a l  evidence t h a t  a reduced phase of 
t i t a n i a ,  aga in  presumably Ti ,O, ,  is p r e s e n t  when llSMSI1l behavior  e x i s t s  ( 4 9 ) .  
However r e c e n t  s t u d i e s  have provided overwhelming ev idence  t h a t  t h e  decrease 
i n  chemisorpt ion c a p a c i t y  is p r i n c i p a l l y  due  t o  t h e  m i g r a t i o n  of TiO,  s p e c i e s  
o n t o  t h e  metal  surface d u r i n g  t h e  high t e m p e r a t u r e  r e d u c t i o n  s t e p  and t h a t  
p h y s i c a l  blockage of the surface metal atoms o c c u r s  (36,691. 
S i g n i f i c a n t  enhancements i n  s p e c i f i c  a c t i v i t y  have been found f o r  CO 
hydrogenat ion over  Ti0,-supported Group V I 1 1  metals a l though n o t  a l l  metals 
are affected i n  a f a v o r a b l e  manner ( 1 9 ) .  The much lower a c t i v i t y  f o r  i r o n  may 
be a consequence of m i g r a t i o n  i n t o  t h e  t i t a n i a  s t r u c t u r e ,  as found by 
Tatarchuk and Dumesic (64-66). T i t a n i a - s u p p o r t e d  n i c k e l  ca ta lys t s  are  the 
most a c t i v e  r e p o r t e d  t o  date for  CO hydrogenat ion ,  as shown i n  Table 2, and 
the  h i g h e r  TOF v a l u e s  f i rs t  r e p o r t e d  by Vannice and co-workers (14-21) have 
s u b s e q u e n t l y  been observed  f o r  N i  by o t h e r  i n v e s t i g a t o r s  ( 2 4 , 3 4 , 3 5 , 5 7 ) .  The 
h igh  TOF values  shown i n  Tables 3 and 4 f o r  Pd and P t ,  e s p e c i a l l y  on  P t ,  are 
impor tan t  because they  v a r y  by over  two orders of magnitude even i f  t h e  metal 
s u r f a c e  area is assumed e q u a l  t o  t h a t  e x i s t i n g  a f te r  a LTR, which produces 
normal chemisorpt ion behavior  (18,211. C r y s t a l l i t e  s i z e  effects  were shown t o  
be a b s e n t  i n  both  s t u d i e s .  However, s i g n i f i c a n t  changes i n  t h e  adsorbed s t a t e  
of CO were detected by I R  spec t roscopy.  Whereas H ,  has l i t t l e  effect  on CO 
adsorbed on t y p i c a l  Pd and P t  c a t a l y s t s ,  i t  s i g n i f i c a n t l y  decreased t h e  I R  
band i n t e n s i t i e s  on t h e  Ti0,-supported metals, as shown i n  Figures 1 and 2 
( 2 0 , 5 8 ) .  Under steady-state r e a c t i o n  c o n d i t i o n s ,  almost no I R - a c t i v e  CO 
e x i s t e d  on  t h e  Ti0,-supported metals, i n  s h a r p  c o n t r a s t  t o  t h e  behavior  of 
these metals d i s p e r s e d  on common s u p p o r t s ,  as shown by a comparison of F i g u r e s  
l a  and l b  and of F i g u r e s  2a and 2b. A d d i t i o n a l  examples are shown i n  F i g u r e  3. 
Although t h e r e  is common agreement t h a t  CO hydrogenat ion  r e a c t i o n  rates are 
higher over  most Ti0,-supported metals ( 5 3 , 6 8 ) ,  s i m i l a r  r a t e  enhancements 
u s u a l l y  do not o c c u r  . i n  other hydrogenat ion  r e a c t i o n s  and i n  hydrogenolys is  
r e a c t i o n s .  I n  f a c t ,  a f te r  HTR t o  induce llSMSIll b e h a v i o r ,  l a r g e  decreases i n  
a c t i v i t y  have been observed  for  e thane  hydrogenolys is  (37,561,  n-butane 
hydrogenolys is  (36,701, benzene hydrogenat ion  ( 3 6 , 7 1 , 7 2 ) ,  n-hexane r e a c t i o n s  
( 7 1 )  and cyclohexane dehydrogenat ion ( 3 6 ) .  Some of these r e s u l t s  are r e p o r t e d  
1 2 2  
i n  Tables  5 and 6. 
hexane r e a c t i o n s  and ethane hydrogenolysis have been r e p o r t e d  over  N i / T i O ,  
ca ta lysts  (53 ,57 ,73) ,  Pd /T iO,  catalysts reduced a t  low tempera ture  had 
enhanced benzene hydrogenation a c t i v i t y  compared t o  t y p i c a l  Pd catalysts  (72 ) .  
A t rea tment  i n  oxygen tends  t o  r e s t o r e  t h e  t y p i c a l  ca t a ly t i c  p r o p e r t i e s  of 
these metals (36) .  
perhaps of g r e a t e r  importance)  pronounced changes i n  s e l e c t i v i t y  can occur  f o r  
some Ti0,-supported metals. The changes i n  N i / T i O ,  catalysts t o  produce long- 
cha in  p a r a f f i n s  are q u i t e  v iv id  (14,161, as shown i n  Tables 7 and 8. Vannice 
and Carten a l s o  found t h a t  o l e f i n  formation was enhanced over  Ti0,-supported 
Ru, compared t o  t y p i c a l  Ru catalysts  (151, and Morris  et a l .  l a t e r  found 
similar behavior (74) .  Under c e r t a i n  r e a c t i o n  cond i t ions ,  methane formation 
c o n s t i t u t e d  less  than 15 w t %  of the  hydrocarbon product (12-14) .  
The chemistry r e s p o n s i b l e  f o r  SMSI behavior is s t i l l  not completely 
understood, e s p e c i a l l y  s i n c e  the  occurrence of i n h i b i t e d  chemisorpt ion does 
not  a lways  p a r a l l e l  an i n c r e a s e  i n  c a t a l y t i c  a c t i v i t y  (21,741. A number of 
explana t ions  have been proposed f o r  l1SMSIl1 behavior ,  and t h e y  include:  ( 1 )  
changes i n  s t r u c t u r e ,  i . e . ,  formation of t h i n  raf ts ;  ( 2 )  i n t e r m e t a l l i c  
compound formation;  ( 3 7  e l e c t r o n  t r a n s f e r  t o  P t  v i a  Ti3+ c a t i o n s  formed during 
r educ t ion ;  ( 4 )  e l e c t r o n  t r a n s f e r  t o  P t  from t h e  Fermi  l e v e l  of bulk t i t a n i a  
v i a  a metal/semiconductor i n t e r f a c e  (i.e.,  - -  a Schot tky barr ier) ;  (5) t i t a n i a  
migra t ion  o n t o  t h e  metal su r face :  and ( 6 )  i nc reased ,  rather t h a n  weakened, 
metal-H bond s t r e n g t h s .  To exp la in  the higher a c t i v i t y  f o r  CO hydrogenation, 
a d d i t i o n a l  proposa ls  invoking s p e c i a l  s i tes i n  t h e  a d l i n e a t i o n  r eg ion ,  - -  i .e., 
a t  t h e  metal-support  i n t e r f a c e  (53,691 and H ,  s p i l l o v e r  dur ing  r e a c t i o n  have 
a l s o  been made. A t  t h e  p re sen t  time, l i t t l e  evidence has been found t o  
suppor t  t h e  no t ion  of s u r f a c e  i n t e r m e t a l l i c  compound formation i n  metal/ 
t i t a n i a  systems (36 )  and, i n  a c t u a l i t y ,  bulk i n t e r m e t a l l i c  compounds have been 
found t o  conver t  t o  metal/metal oxide systems under CO hydrogenation r e a c t i o n  
condi t ions  ( 7 5 ~ 6 ) .  Enhanced hydrogen adsorp t ion ,  - -  i .e . ,  s t r o n g e r  H-metal 
bonding, has a l s o  been discounted (33) .  
c l e a r l y  shown tha t  t he  morphology of P t  c r y s t a l l i t e s  changes on reduced 
t i t a n i a ,  and they appear t o  wet the support  surface by forming t h i n  raf ts ,  as 
depic ted  i n  Figure 4 (33,491. T h i s  s t r u c t u r a l  change could have a e f f e c t  on 
adso rp t ion  and c a t a l y t i c  p r o p e r t i e s  even i f  no e l e c t r o n  t r a n s f e r  occurred and, 
i n  a d d i t i o n ,  such  w e t t i n g  of t h e  s u r f a c e  would a l s o  i n c r e a s e  t h e  metal-support  
i n t e r f a c e  and f a c i l i t a t e  e l e c t r o n  t r a n s f e r  as proposed i n  explana t ion  3 o r  4. 
The Exxon workers have favored  d i r e c t  metal atom-support c a t i o n  (Ti3') 
i n t e r a c t i o n s  (32) - a more l o c a l i z e d  bonding model - whereas o t h e r s  have 
proposed e l e c t r o n  t r a n s f e r  dependent upon e l e c t r o n i c  p r o p e r t i e s  of t h e  bulk 
oxide suppor t  v i a  a Schot tky  barrier (2830,361.  Although behavior i n d i c a t i n g  
e l e c t r o n  t r a n s f e r  from t h e  t i t a n i a  t o  t h e  metals has i n  some cases been 
observed by u s i n g  a v a r i e t y  of techniques such as XPS (23-27) and e l e c t r i c a l  
conduc t iv i ty  measurements (28-30), as shown i n  F igu res  5 and 6 ,  such  results 
have not. always been ob ta ined  (38) .  
The a b i l i t y  of Ti0,-supported metals t o  s e l e c t i v e l y  enhance the ra te  of 
CO hydrogenat ion,  but  not  other hydrogenation or hydrogenolysis  r e a c t i o n s ,  
i m p l i e s  t h a t  the effect  r e s p o n s i b l e  h a s  a s t r o n g  i n f l u e n c e  on adsorbed CO. 
The two most l i k e l y  p o s s i b i l i t i e s  a r e  a s t r u c t u r a l  effect  due t o  e l e c t r o n  
t r a n s f e r  and p a r t i c l e  morphological changes, or t h e  c r e a t i o n  o f  unique s i t e s  
a t  t h e  meta l / suppor t  i n t e r f a c e ,  or possibly a combination of t h e  two 
Although normal a c t i v i t i e s  f o r  benzene hydrogenation, 
I n  a d d i t i o n  t o  s i g n i f i c a n t  rate enhancements f o r  CO hydrogenat ion,  (and 
The CAEM s t u d i e s  by Baker and co-workers on suppor ted  P t  and AgPt have 
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(21 3 3 , 6 9 1 .  T h i s  proposal of s p e c i a l  a c t i v e  s i tes  i n  t h e  meta l / suppor t  
i n t e r f a c e  reg ion ,  - -  i . e . ,  t h e  theo ry  of a d l i n e a t i o n ,  is an o l d  concept f i r s t  
proposed by Schwab ( 3 ) .  
t end  t o  enhance t h i s  effect  and a l s o  minimize any  metal c r y s t a l l i t e  s i z e  
effect  governing i n t e r f a c i a l  area (21 1. Although special  a c t i v e  si tes f o r  t h e  
CO molecule could p l a y  a r o l e ,  an enhanced s u r f a c e  concen t r a t ion  of hydrogen 
under r e a c t i o n  cond i t ions  may a l s o  account f o r  t h e  much higher a c t i v i t i e s  
observed ( 1 8 , 2 1 ) ;  however, r e c e n t  s t u d i e s  have provided s t r o n g  suppor t  f o r  t h e  
c r e a t i o n  of unique a c t i v e  s i t e s  a t  t h e  metal-support  i n t e r f a c e ,  for i n s t a n c e ,  
no te  t h e  high turnover  f requencies  shown i n  Table 9 (69).  The model r e s u l t i n g  
from t h i s  study i s  shown i n  F igure  7 ,  and it invokes s p e c i a l  s i t es  a t  t h e  
m e t a l - t i t a n i a  i n t e r f a c e  which i n t e r a c t  with t h e  oxygen end of t h e  CO molecule 
t o  f a c i l i t a t e  bond r u p t u r e ,  which i s  the  slow s t e p  on P t  and Pd catalysts.  
A model invoking special  a c t i v e  s i tes  on t h e  t i t a n i a  s u r f a c e  which a re  
ou t s ide  the ad l inea t ion  r e g i o n ,  but  p a r t i c i p a t e  i n  CO hydrogenation r e a c t i o n s  
v i a  hydrogen s p i l l o v e r  (i .e. ,  s u r f a c e  mig ra t ion ) ,  has not been suppor ted  by 
r ecen t  s t u d i e s  (63) .  Regard less ,  t h e  r o l e  of s p i l l o v e r  under r e a c t i o n  
cond i t ions  i s  p r e s e n t l y  obscure.  Under low temperature  cond i t ions  w i t h  a c t i v e  
hydrogenation c a t a l y s t s ,  p red ic t ed  rates of hydrogen t r a n s p o r t  on t h e  suppor t  
s u r f a c e ,  u s i n g  c a l c u l a t e d  s u r f a c e  d i f f u s i o n  c o e f f i c i e n t s ,  are  t o o  low t o  be 
s i g n i f i c a n t  compared t o  rates of r e a c t i o n  on the  metal surface (77-79). I n  
c o n t r a s t ,  under t y p i c a l  r e a c t i o n  cond i t ions  f o r  methanat ion over  t h e  less  
a c t i v e  meta ls  (1  atm, 275OC, H,/CO=3), c a l c u l a t e d  ra tes  of hydrogen t r a n s f e r  
t o  t h e  support  per metal  c rys t a l l i t e  can be comparable t o  rates of r e a c t i o n  
per c rys ta l l i t e .  For example,  us ing  the  s o l u t i o n  t o  t h e  equa t ion  d e s c r i b i n g  
2-dimensional s u r f a c e  d i f f u s i o n  (771, c a l c u l a t i n g  a d i f f u s i o n  c o e f f i c i e n t  of 7 
x cm2*s a t  275OC from the work of Kramer and Andre (791, and assuming 1 
nm P t  c r y s t a l l i t e s  conta in ing  20 P t  atoms w i t h  a hydrogen coverage of %=O. 1 ,  
a maximum t r anspor t  r a t e  t o  t h e  suppor t  of 0.03 H atoms per second per 
c r y s t a l l i t e  can be estimated. The r a t e  of H consumption dur ing  methanat ion on 
P t /A1 ,0 ,  c a t a l y s t s  i s  0.13 H atoms per second per P t  c rys t a l l i t e  (21 1. T h i s  
comparison i s  made t o  show t h a t  a l though hydrogen s p i l l o v e r  does no t  seem t o  
be adequate  t o  exp la in  t h e  higher turnover  f r equenc ie s  found on Ti02-supported 
metals, i f  comparable d i f f u s i o n  c o e f f i c i e n t s  are assumed, t h i s  process  could 
enhance the  ra te  i n  t he  a d l i n e a t i o n  r e g i o n  because t h i s  t r a n s p o r t  process  
involves  only  a very s h o r t  jump d i s t ance .  Despi te  t h i s  e x e r c i s e  t o  a s c e r t a i n  
t h e  p o s s i b l e  c o n t r i b u t i o n  of  H ,  s p i l l o v e r  t o  r e a c t i o n  rates,  its a c t u a l  r o l e  
has not y e t  been determined. Although hydrogen s p i l l o v e r  a lone  does not 
appear t o  provide an explana t ion  f o r  enhanced CO hydrogenation a c t i v i t y ,  it is  
clear ly  important i n  f a c i l i t a t i n g  llSMSI1l behavior by c a t a l y z i n g  t h e  r educ t ion  
of T i O ,  (25,33,49,80).  The r educ t ion  of o the r  metal oxides  a t  lower than  
normal temperatures  v i a  hydrogen s p i l l o v e r  from a metal capable of a c t i v a t i n g  
H,  has a l s o  been r e p o r t e d  (81-94). 
A t  t he  present time there  is much i n t e r e s t  i n  metal-support  e f f e c t s ,  
p a r t i c u l a r l y  w i t h  r ega rd  t o  t h e i r  r o l e  i n  CO hydrogenat ion r e a c t i o n s .  
chemistry inducing lfSMSI1l behavior and a c t i v i t y  enhancement i s  st i l l  not y e t  
completely reso lved  and f u t u r e  s t u d i e s  are needed t o  determine: ( 1 )  t h e  
e x t e n t  of e l ec t ron  t r a n s f e r  between metal and suppor t ,  should  it occur;  ( 2 )  
whether t h i s  i s  l o c a l i z e d  behavior a t  t h e  s u r f a c e  or best described by 
metal/semiconductor bulk p r o p e r t i e s ;  ( 3 )  the e f fec t  of s t r u c t u r a l  
(morphological)  changes i n  t h e  metal c r y s t a l l i t e s ;  ( 4 )  t h e  c o n t r i b u t i o n  of t h e  
a d l i n e a t i o n  region t o  t h e  ca t a ly t i c  process;  (5 )  the importance,  if any, of 
hydrogen s p i l l o v e r  i n  the  catalysis  of CO hydrogenat ion r e a c t i o n s ;  and ( 6 )  





whether metal-support e f fec ts  occur i n  other reactions involving C O ,  such as 
oxidation. 
c r y s t a l l i t e  s i ze  e f fec ts  seems appropriate. Recent studies of integral  heats 
of adsorption on Pd catalysts  have shown that Qad values for  CO and 0, 
increase markedly on c rys t a l l i t e s  smaller than 3 nm, as shown i n  Figures 8 and 
9 (95 -97 ) .  Such a large change has not been observed for supported P t  
catalysts ,  but  the support has a significant influence on CO heats of 
adsorption ( 9 8 ) .  
on the kinetics of reactions involving these species; consequently, i t  seems 
important t o  s t u d y  the influence of these parameters on CO oxidation over 
noble metals l i k e  P t  and Pd. 
I n  summary, i t  has now been unambiguously demonstrated that  synergis t ic  
metal-support effects  can occur which markedly enhance spec i f ic  ac t iv i ty  and 
a l t e r  s e l ec t iv i ty  i n  cer ta in  reactions. Because of the presence of such 
ef fec ts  i n  cer ta in  reactions conducted under reducing conditions ( tha t  is, 
under H, pressure), bu t  not others, the creation of unique s i t e s  a t  the 
metal-support interface seems t o  be the best  model a t  the present time to  
explain t h i s  behavior. The postulation of these s i t e s ,  which a re  spec i f ic  for 
a certain reactant such as CO, provides an effective explanation fo r  the 
higher methanation r a t e s  that  have been reported over some catalysts .  The 
creation of these s i t e s  i n  the adlineation zone is f ac i l i t a t ed  by hydrogen 
spil lover from the metal surface, and t h i s  same process can also enhance the 
reduction of many oxide supports. 
probable due t o  its higher heat of adsorption, i t  is  much l e s s  well understood 
and the possibi l i ty  of r a t e  enhancements i n  CO oxidation caused by special 
interface s i t e s  cannot be discounted a t  the  present time. Consequently, t h i s  
seems t o  be an important area of research i n  t h e  future.  
I n  view of the in t e re s t  i n  CO oxidation, a short comment pertaining t o  
Such changes i n  heats of adsorption can have a large effect  























S i n f e l t ,  J. H.,  Adv. Chem. Eng. - 5, 37 (1964). 
Madon, R .  J. and Boudart ,  M . ,  I & E C  Fund. 21, 438 (1982).  
Schwab, G-M., Adv. Catal. 27, 1 (1978). -
Schwab, G-M., Block, J . ,  Muller,  W .  and Schu l t ze ,  D . ,  Naturwiss, - 44, 582 
(1  957). 
Schwab, G-M., Block, J. and Schu l t ze ,  D . ,  Angew. Chem. 17, 101 (1959).  -
Szabo, Z. G .  and Solymosi,  F., Act. Deux. Cong. Inter.  Ca ta lyse ,  Paris 
1627 (1961). 
Solymosi, F . ,  Cat. Rev. - 1 ,  233 (1967). 
S i n f e l t ,  J. ,  Cat .  Rev. - 3, 175 (1969). 
Sl ink in ,  A. A. and Fedorovskaya, E .  A . ,  Russ .  Chem. Rev. 40, 860 (1971 1. -
S a g e r t ,  N.  H. and Pouteau, R.  M .  L . ,  C a n .  J. Chem. 50, 3686 (1972).  
Sager t ,  N .  H. and Pouteau, R.  M .  L . ,  P t  Metals Rev. 19, 16 (1975). 




( 1  978). 
Tauster, S. J. and Fung, S. C . ,  J. Catal .  55, 29 (1978).  
Vannice, M .  A. and C a r t e n ,  R.  L. ,  J. Catal. 56 236 (1979).  
Vannice, M .  A.  and Gar ten ,  R.  L. ,  J. Catal. 63, 255 (1980). 
Vannice, M .  A.  and C a r t e n ,  R. L. ,  J. Catal. 66, 242 (1980). 





- 25, 303 (1980). 
Wang, S-Y., Moon, S. H. and Vannice, M .  A . ,  J. Catal. 71, 167 (1981 ) .  
Vannice, M .  A . ,  J. Catal. 74, 199 (1982). 




21. Vannice, M .  A.  and Twu, C .  C . ,  J. Catal. 82, 213 (1983).  
22. Smith,  J. S., Thrower, P. A. and Vannice, M .  A . ,  J. Catal. 
-
( 1981 1. 
23. a )  B a h l ,  M.  K . ,  Tsai, S. C . ,  Chung, Y .  W . ,  Phys. Rev. B21, 
b )  Kao, C .  C . ,  Tsai ,  S. C . ,  Bahl,  M .  K . ,  Chung, Y-W. and 
Surf .  Sci. 95, 1 (1980). 
-
-
- 68, 270 
1344 (1980).  
L O ,  W. J . ,  
126 
24. Kao, C-C., Tsai, S-C. and Chung, Y-W., J. Catal. - 73, 136 (1982). 
25. 
26. Chien, S. H . ,  Shelimov, B. N . ,  Resasco, D .  E., Lee, E. H. and Haller, G.  
Sexton,  B. A. ,  Hughes, A. E. and Foger,  K. ,  J. Catal. - 77, 85 (1982). 
L., J. Catal. - 77, 301 (1982). 
27. Fung, S. C. ,  J. Catal. - 76, 225 (1982). 
28. Chen, B-H. and White, J. M . ,  J. Phys. Chem. - 86, 3534 (1982). 
29. 
30. D i s d i e r ,  J., Herrmann, J - M .  and P icha t ,  P., JCS Faraday I - 79, 651 (1983). 
31. 
Herrmann, J - M .  and P i c h a t ,  P., J. Catal. - 78, 425 (1982).  
Horsley,  J. A. ,  J. Am. Chem. SOC. - 101, 2870 (1979). 
32. Tauster, S. J., Fung, S. C . ,  Baker ,  R. T. K.  and Horsley, J. A . ,  Science 
- 211, 1121 (1981). 
33. a )  Bake r ,  R. T. K., P r e s t r i d g e ,  E. B. and Carten,  R .  L., J.  Catal. - 56,
390 (1979);  
b) I b i d .  - 59, 293 (1979). 
34. Bartholomew, C .  H. and Mustard, D .  G . ,  J. Catal. - 67, 186 (1981). 
35. Bartholomew, C. H.,  Pannel l ,  R. B. ,  But le r ,  J .  L. and Mustard,  D .  G.,  
I & E C  Prod. Res. Dev. - 20, 296 (1981). 
36. Meriaudeau, P., E l l e s t a d ,  0. H., Dufaux, M .  and Naccache, C . ,  J. Catal. 
- 75, 243 (1982). 
37. KO, E. I. and C a r t e n ,  R.  L. ,  J. Catal. - 68, 233 (1981).  
38. Huizinga, T. and P r i n s ,  R . ,  J. Phys. Chem. - 85, 2156 (1981). 
39. 
40. KO, E. I . ,  Winston, S. and Woo, C . ,  JCS Chem. Comm. 740 (1982). 
Huizinga, T. and P r i n s ,  R . ,  J. Phys. Chem. - 87, 173 (1983). 
41. Mochida, I., T s u j i ,  K . ,  Suetsugu, K. ,  F u j i t s u ,  H. and Takeshi ta ,  K., J. 
Phys. Chem. - 84, 3159 (1980). 
42. Pra l i and ,  H. and Mar t in ,  G.  A. ,  J. Catal .  - 72, 394 (1981). 
43. Tsai, W . ,  Schwarz, J. A. and Driscoll, C .  T. ,  J. Phys. Chem. - 87 1619 
( 1 983 1 . 
44. Summers, J. C. and Ausen, S. A.,  J. Catal. - 58, 131 (1979). 
45. Chen, B-H., White,  J. M . ,  Brostrom, L. R. and Deviney, M .  L. ,  J. Phys. 
Chem. - 87, 2423 (1983). 


























Tanaka ,  K .  and White, J. M . ,  J. Catal. - 79, 81 (1983).  
DeCaniO, S. J., Apple, T. M .  and Dybowski, C .  R . ,  J. Phys. Chem. 87, 194 -
( 1  983). 
Baker, R .  T. K . ,  P r e s t r i d g e ,  E. B. and Murrell, L. L., J. Catal. - 79, 348 
(1983). 
B O S S i ,  A . ,  Ca rbass i ,  F. ,  P e t r i n i ,  C. ,  Zanderighi ,  L.,  JCS Faraday T r  I 
78, 1029 (1982). -
Brenner, A.  and Hucal, D .  A . ,  J. Phys. Chem. - 85, 496 (1981). 
Briggs,  D . ,  Dewing, J . ,  Burden, A. G. ,  Moyes, R.  B. and Wells, P. B. ,  J. 
Catal. 65, 31 (1980).  
Burch, R .  and Flambard, A. R . ,  J. Catal. - 78 389 (1982).  
Gonzales, A. R . ,  S o r i a ,  J. and Munuera, G.,  J. Catal. - 76, 254 (1982). 
Haller, G. L. and Resasco, D . ,  JCS Chem. Comm. 1150 (1980). 
Haller,  G .  L . ,  Resasco, D .  E. and ROUCO,  A. J., Faraday Disc. - 72, ( 7 )  
(1981 1. 
Burch, R .  and Flambard, A. R . ,  JCS Chem. Comm. 123 (1981). 
Vannice, M .  A . ,  Wang, S-Y. and Moon, S. H. ,  J. Catal. 71, 152 (1981). 
Vannice, M. A. and Wang, S-Y., J. Phys. Chem. - 85, 2543 (1981). 
Vannice, M .  A. and Twu, C .  C . ,  J. Chem. Phys. - 75, 5944 (1981). 
Apple, T. M . ,  Gajardo, P. and Dybowski, C . ,  J.  Catal. - 68, 103 (1981). 
Conesa, J. C .  and S o r i a ,  J., J. Phys. Chem. - 86, 1392 (1982).  
Vannice, M. A. and Vasco-Jara, J., S t u d i e s  i n  Sur face  Sc ience  and 
Catalysis, Vol. 11, B. I m e l i k  e t  a l . ,  Eds., Elsevier ,  p. 185 (1982). 
T a t a r c h u k ,  B. J. and Dumesic, J. A.,  J. Catal. - 70, 308 (1981). 
T a t a r c h u k ,  B. J. and Dumesic, J. A . ,  J. Catal. - 70, 323 (1981). 
T a t a r c h u k ,  B. J. and Dumesic, J. A., J. Catal. - 70, 335 (1971 1. 
T a t a r c h u k ,  B. J., Chludzinski ,  J. J.,  Sherwood, R .  D . ,  Dumesic, J. A. and 
Baker, R.  T. K . ,  J. Catal. - 70, 443 (1981). 
Studies  i n  Surface  Sc ience  and Catalysis,  Vol. 11, llMetal-Support and 
Metal-Additive E f f e c t s  i n  Ca ta lys i s ,11  B. I m e l i k  e t  a l . ,  Eds., Elsevier,  
1982. 
Vannice, M .  A. and Sudhaker,  C . ,  J. Phys. Chem. 88, 2429 (19841, and -
re ference  t h e r e i n .  
70. Resasco, D .  E. and Haller, G .  L. ,  Ref. 68, p. 105. 
71. Meriadeau, P.,  D u t e l ,  J .  F., Dufaux, M. and Naccache, C . ,  Ref. 68, p. 95. 
72. Vannice, M .  A. and Chou, P. ,  Proc 8th I n t e r .  Cong. on Catal. V-99, 
DECHEMA, Frankfurt , 1984. 
73. BurCh, R .  and Flambard, A. R . ,  Ref. 68, p. 193. 
74. Morris, S. R . ,  Moyes, R .  B., Wells, P. B. and Whyman, R . ,  Ref. 68, p. 
247. 
75. Imamura, H. and Wallace, W .  E., J. Catal. 65, 127 (1980). 
76. Chin ,  R.  L., Ela t ta r ,  A. ,  Wallace, W.  E. and Hercules, D.  M . ,  J. Phys. 
- 














Vannice, M .  A.  and Neikam, W .  C . ,  J. Catal. 27, 207 (1972). 
Fleisch, T. and Abermann, R . ,  J. Cata l .  50, 268 (1977). 
-
-
Kramer, R. and Andre,  M . ,  J. Catal. 58, 287 (1979). -
Vannice, M .  A., Odier ,  P., Bujor ,  M .  and F r i p i a t ,  J. J., ACS Symp. Series - 228, 98 (1985). 
Boudart, M . ,  Vannice, M .  A.  and Benson, J. E., Z. p h y s i k .  Chem. NF - 64, 
171 (1969). 
Vannice, M .  A . ,  Boudart, M .  and Fripiat ,  J. J . ,  J. Catal. - 17, 359 (1970). 
Levy, R.  B. and Boudart, M . ,  J. Catal. - 32, 304 (1974). 
Bolivar,  C . ,  Charcosset, H. ,  F r e t y ,  R. ,  P r i m e t ,  M . ,  Tournayan, L. ,  
Betizeau, C . ,  Leclercq, G. and Maurel, R . ,  J. Catal. - 39, 249 (1975). 
Bond, G.  C .  and Tripathi,  J. B. P . ,  JCS Faraday I - 72, 933 (1976). 
E k s t r o m ,  A. ,  Bat ley,  G .  E. and Johnson, D. A. ,  J. Catal. - 34, 106 (1974). 
F r e t y ,  R . ,  Charcosset, H. and Trambouze, Y . ,  Ind.  C h i m .  Belg. 38, 501 
(1973). 




91. Sancier, K. M., J. Catal. 23, 298 (1971 1. 
Erre, R . ,  Legay, M .  H. and F r i p i a t ,  J. J., Surf. Sci. - 127 69 (1983). 
Gent ry ,  S. J. ,  H u r s t ,  N. W .  and Jones, A. ,  JCS Faraday I ,  - 77, 603 (1981 1. I 
I - 
92. Viswanath, R.  P., Viswanathan, B. and Sastr i ,  M .  V. C . ,  React. Kin. 
Catal. Lett .  - 2, 51 (1975). 
129 
93. Nowak, E .  J .  and Koros, R .  M., J .  Catal. - 7, 50 (1967). 
94. Nowak, E.  J . ,  J .  Phys. Chem. - 73, 3790 (1969).  
95. 
96. 
Vannice, M .  A .  and Chou, P . ,  ACS Symp. Ser.  - 298, 76 (1986). 
Chou, P .  and Vannice, M. A . ,  Ca lor imet r ic  Heat of  Adsorption 
Measurements on Palladium. P a r t  2 .  Inf'luences of C r y s t a l l i t e  
S i z e  arid Support on CO Adsorption., J. of Catal, 1987. 
97. Chou, P.  and Vannice, M .  A . ,  Ca lor imet r ic  Heat of Adsorption 
Measurements on Palladium. P a r t  3. In f luences  of C r y s t a l l i t e  
S i z e  and Support on 0 Adsorpt ion. ,  J .  of Catal, 1987. 2 




(From Ref. 12) * 
llydrogcn and CO Sorption at 25 f 2 O C  on Ti02- 
Supported MCI~IS  
Rcdn RET 
Metal temp. O C  H/M , CO/M area, rn2 g-' 
2% Ru 200 0.23 0.64 45 
500 0.06 0.1 1 46 
2% Rh 200 0.7 I 1.15  48 
500 0.01 0.02 43 
2% Pd I75 0.93 0.53 42 
500 0.05 0.02 46 
2% os 200 0.21 
500 0.1 I 
2% Ir 200 1.60 1.19 48 
45 500 0.00 0.0 
2% Pt 200 0.88 0.65 
500 0.00 0.03 
Blank Ti02 150' b 51 
Support 500 b 43 
Evacuated for 2 h at I50 "C: no reduction prior to BET area dc- 
t 1 2  uptake on these samples exhibited Henry's law termination. 
behavior and was zero at P H ~  = 0 by extrapolation. 
*Reprinted with permission, copyright o , 1978, 
American Chemical Society. 
TABLE 2 
(From Ref. 14) * 
Specific Activitics of Ni/TiOZ llclntive to Other Ni  Cntnlysts for the CO-Ilr Reaction" 
Cat:1lyst Nco (SCC-' X 10') Ncs, (SCC-~ X 10') 












































a 1Ic:iction crmditions: 5,tS"K (27B°C), 103 kPa (1 ntm): IIz/CO =( 3. 
Calculatcd assumirig 100% nickel metal cxposcd. 
*Copyright 0, 1979, by Academic Press, Inc. 
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TABLE 3 
(From R e f .  18)" 
Kinetic Properties of Palladium Catalystsa 
Catalyst Rate Nc,,,(s-' x 10s) E .  Average 
(pmole CH,/s . g cat.) (kcal mol-') particle sizec 
(6) (c)  (nm) 
~~ ~~ 
1.98% Pd/q-AI103 (C) 
(F) 2% Pd/AllOsd 
( G )  2% Pd/q-AI,Oi 
(G)  2% Pd/AI,03d 
(H) 9.5% Pd/AIIOJd 
10.28% Pd/AI,03 ( S )  
10.28% Pd/Al,O, (C, S )  
2.12% Pd/SiOl-AI,03 
(J) 4.75% Pd/SiOld 
( K )  4.75% Pd/SiO," 
1.93% Pd/SiOl 
8.78% Pd/SiO, (C, S )  
1.86% Pd/TiO, (448 K) Sample 1 
Sample 2 
1.86% Pd/TiO, (SMSI) Sample 1 
1.98% Pd/q-AlzO, 
1.79% Pd/q-A1203 










































13.8 2 0.6 
19.7 f 1.6 
19.2 f 0.8 
19.7 f 1.3 
23.6 f 1.9 
19.4 f 0.7 
21.0 2 0.8 
24.5 2 1.1 
19.0 5 1.0 
22.8 5 0.6 
19.9 rt 0.3 
26.9 2 1.8 
27.7 2 2.6 
19.2 f 1.8 
19.7 f 1.2 
22.4 f 0.6 
24.3 2 1.9 
- 



















a T = 548 K, P, = 1 atm, HJCO = 3. 
Based on CO,,,, on  used sample. 
Based on H,,,, on used sample. 
* Results previously reported in Reference ( 4 ) .  
e Based on CO,.,, on used sample assuming CO/Pd, = 0.5. 
f Results obtained in this study with fresh catalysts so designated in Reference 4. 
Based on CO,.,, on fresh, reduced sample. 
Based on I&.,) on fresh, reduced sample. 
"Copyright 0, 1981, by Academic Press, Inc. 
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TMLE 4 
(From Ref. 21)' 
Kinetic Behavior of Platinum Catalysts" 
























L-I .9% (LT) 
M--1.9% (LT) 




























I .7 3.5 
2.1 4.3 
1.6' 2.4' 
I .4 2.4 
I .7 2.3 
0.73 I .o 
- - 
0. I4 0.3 I 
0.17 0. I9 
0. I9 0.24 
0. I9 0. I9 











16.2 f 0.7 
16.5 t 1.2 
16.7 t 1.0 
17.6 t 0.8 






16.8 t 1 . 1  
16.4 t 1.0 
19.1 t 0.6 
20.3 t 0.3 
17.2 t 0.7 
19.0 t 1.5 
- 
20.6 t 0.8 
19.1 t 1.6 
17.7 t 0.8 
23.3 t 3.2 
T = 548.2 K, PT = 101 kPa. HJCO = 3. 
Roman numerals indicate different samples. 
Based on final H,,d,. 
Based on final CO,d,. 
Based on initial HIad,. 
Based on final 
f Based on final HI,,, on catalyst N. 
on catalyst L. 
















I I  
I I  
19 
(2.2) 




0.3- I .3 
- 






0.2- I .o 
2.6-16 
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TABIiE 5 
USE OF T102 AS A SUPPORT REDUCED ETHANE HYDROGENOLYSIS 
ACTIVITY OVER METALS 
(From R e f .  37)' 
Specific Activitiesa for Ethane Hydrogenolysis at 
205°C 










1.2 x IO-$ 
3.4 x 10-5 
8.0 x 10-4 
2.2 x 10-4 
1.8 x IO-' 
6.7 x 
4.2 x IO-* 
1 . 1  x 10-4 
7.2 x 1O-Io 
< Io-'s 
1.0 x lo-' 
8.0 x IO-' 
1.4 x IO+ 
2.9 x 
2.6 x 
9.6 x IO-' 
3.0 x IO-' 
< 10-'3 
Expressed in units of moles of ethane con- 
' Calculated from Ref. ( 4 ) .  
Calculated from Table I .  
veried/hr/m'. 
"Copyright 0, 1981, by Academic Press, Inc .  
TABLE 6 
CATALYST TREATMENT 
(TEMP, IN "K) 
RATE ( M M O L ' H - ~ I G  METAL- 1 )
CgHg HYDROGENATION 
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TABLE 7 
(From Ref. 14) * 
Coiiip:irimi of thc Sdrclivily of Ni/'l'iO? to Other Ni C:ltnlysts for tl~c CO-I12 1:cactioii 
C:1t:11yst Rcnction co :iiolc% p:ir:ilIiii nf 
- 
T coiivrrsion cnch c:vlioii nii~iilicr 
( O K )  (74) 
c, c* cs cc cr+ 
1.57: Ni/TiOa 521 13.3 58 14 12 8 7 
107; Ni/TiO* 516 24 -50 9 25 8 9 
5%) Ni/q-ALOS 527 10.8 0 0 7 3 1 -  
81 14 3 2 - S.S 7;) Ni /q-AI20) 503 3.1 
42% Ni/n-Al20r 509 2.1 7 6 1 8 3 1  
1G.77; Ni/SiO* 403 3.3 v 2 5 3 1 -  
20qi Ni/glnphite 507 21 .s s 7 7 4 1 -  
Ni p"dcr 525 7.9 04 6 - - -  
*Copyright 0, 1979, by Academic Press, Inc. 
TABLE a 
(From Ref. 16)' 
Comparison of IO% Ni/COT and 10% Ni/P-2Se 
Cat a1 yst CO conversion Product distribution (mole%) 
(%) 
C, Ca C3 CC c, CI C,+ 
10% NUCOT 4.6 51.3 14.7 7.7 10.5 8.6 4.9 2.3 
10% Ni/P-25 5.5 42.5 13.3 10.9 8.8 10.3 8.0 6.2 
a T = 2WC, HJCO = 3. P = 101 kPa. 
*Copyright 0, 1980, by Academic Press, Inc. 
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TABLE 9 
(From R e f .  69) " 
Effect of Titanium Oxide DeDosited on Pt Surface 
irreversible 
adsorption, 
BET TOF." 5-l x IO' E,, kcal/mol surface moVe 






















0.5 2.6 4 .0  
0.4 2.5 3.5 0.1 I 0.008 16 27 
1 .7  3.3 
I .7 3. I 0.41 0.12 25 38 
I .4 0.9  18 I i  22 31 
0.9 0.9 I . 6  4.2 2.6 23 29 
4. I 8 .O 0.17' 16.8 
24.7 28.0 13' 19.7' 
4.8 4.8 63' ( 1  2)d 2(Y 
'Final state is after completion of kinetic study. *Measured at 548 K. 100 kPa. H*/CO = 3. based on H adsorbed on used sample. 'Average 
values from ref 6. dBased on Pt, measured after 200 OC reduction. 
"Reprinted with permission,  copyright  0 ,  1984 , American Chemical Soc ie ty .  
1 
Spcclra of CO adsorbed on 1.86% Pd/TiO, 
(SMSI): P,, = 25 kPa. f,! = 75 kPa: sample 1: (a) 548 
K. (b) 300 K. (c) baseline in He  at 300 K; sample 2 (d) 
300 K. (e)  373 K. (0 548 K. 
Spectra of CO adsorbed on 1.98% P d h  
AIsOs: P,, = 6.6 kPa. P,. = 92 kPa, (a)  300 K. (b) 428 
K. (c) 548 K. (dl baseline in He ai 300 K .  
( A )  ( B )  
Figure  1. (From r e fe rence  18)" 
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Infrared swctra of CO adsorbed on 1.5% PI/ 
SiO2-AltO1(Pco = i85 Torr, HciCO or HJCO = 3): (a) 
basclinc in He, (b) 3000 K in HI. (c) S48 K in HI. (d) 
548 K in He. (e) 300 K in He. 
( A )  
I , ,  I ,  
2200 2000 11100 
.*md 
Infrared spectra of CO adsorbed on I .% PI/ 
TiO, ( Pco = 185 Ton.  HdCO or H2C0 = 3): Catalyst 
0 ( S M S I H a )  baseline in Heal  300 K. (b) 300 Kin HI. 
(c) 548 K in HI. (d) 300 K in He. (e) S48 K in He; 
Catalyst N ( L T H f )  473 K in H,. (8) 300 K in HI. (h) 
300 K in He. Note change in transmittance scale. 
( B )  
I Figure 2. (From re fe rence  2 0 )  
* Copyright 0, 1983, by Academic Press, Inc . 
1 1 1 1 1 I  
l l l l"  ,ma I l r n  
" , < . - I ,  
Relative intensities of CO adsorbed  under  
reaction conditions;  PT,,,~ = I atm, HI/CO = 3, T = 
548 K. I ,  is  t h e  baseline intensity in  pure  HI at S48 K. 
( a )  1.98% Pd/v-AltOs, (b) 1.93% Pd/SiO,. (c )  2.12% 
Pd/SiOI-Al,O,. (d) 1.86% Pd/TiOI (448 K). (e )  1.86% 
Pd/TiOI (SMSI). 
Figure 3. (From re fe rence  18)'" 
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PT CAN UNDERGO REVERS I BLE MORPHOLOG I CAL 
CHANGES ON TITANIA 
Hz 
875 K 
_t H 2 0  525 K PI 
PI  
I---=--1 
0 2  875 K 
/ 
Figure  4.  (From r e f e r e n c e  33b)* 
Copyright 0 ,  1979, by Academic Press, Inc .  * 
EVIDENCE INDICATES ELECTRON TRANSFER OCCURS 
FROM TITANIA TO THE METAL 
2% Rh/TiO, (Anotase) Catalyst 
MIIIAL IN I1 I A L 
OXDATON 
200.C REO &/’ 
OXDATION // 
OXOATON , 
200.C RED % 
OXOATION 
550.C RED 
Af,,= - 0 2 ? 0 0 S r V  
I 
306 5 307 301.5 
Rh 3dX BINDING ENERGY lev) 
Binding energies of the Rh 3d Y2 peak on a 
2% RWliO, catalyst after several cycles or reduction .. 
and oxidation. Initially reduction at 264 and 550°C pro- 
duces a large A€. = -0.6eV but this chanper to -0.2 
C V  after an oxidation-reduction cyc le .  
* 
Figure  5. (From re fe rence  25) 
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Logarithm of Ihc electrical conductivity (in 
fl-' cm- ' )  of TiOl (dotted line) and of the J-PI sample 
(solid line) reduced at 773 K i n  HI as a function olthe 
dilfcrcnt phases described in the text: the numbers an 
the curves indicate the prrrrurcr (in Ton) ofthc come. 
iponding gas. 
* 
Figure 6. (From re fe rence  29) 
Copyright o, 1982, by Academic P res s ,  Inc.  * 
Proposed model for CO hydrogenation active sites in Pt-titania 
systems: (0 )  Ti'+ cation; (0 )  oxygen vacancy. 
Figure  7 .  (From re ference  @ ) *  
*Reprinted wi th  permission, copyright  0 ,  1984 , 
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Heats of adsorpt lon  of CO on supported and unsupported palladium: 
(0, O) ,  Pd powder (0). S o l i d  symbols: samples  reduced a t  673K; 
Open symbols: samples reduced a t  573K or b48K. 
Pd/SiO, (V,V), Pd/S102-A120, ( A * A ) p  Pd/A1,0, ( 0  * 01, Pd/TlO, 
* Figure 8. (From re fe rence  96) 








Lk%ki- 30(&lpL- 0 2 4 6 8 IO 12 
Pd C R Y S T A L L I T E  SIZE ( n m )  
I n t e g r a l  heat  of adsorpt ion  of oxygen on  Pd a t  300 K versus  
c r y s t a l l i t e  s i z e  : Pd/SiO, (v,v); Pd/Si02-A1,0,  (A,A); Pd/A1,0, 
( . , 0 ) ;  Pd powder (0);  S o l i d  symbols  -- Tr = 673 K ,  open symbols  -- 
Tr = 448 K or 573 K .  
Figure  9. (From r e fe rence  ?7)* 
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